The extent to which potential genetic determinants of vitamin D levels may be related to multiple sclerosis (MS) risk has not been thoroughly explored. The objective of this study was to determine whether polymorphisms in VDR, CYP27B1, CYP24A1, CYP2R1 and DBP are associated with the risk of MS and whether these variants may modify associations between environmental or dietary vitamin D on MS risk.
Introduction
Previous work has suggested a role for higher vitamin D in providing protection against multiple sclerosis (MS). Vitamin D intake, decreasing latitude, increased sun exposure, and high serum vitamin D levels have all been shown to be associated with a decreased risk of MS. 1 The metabolism of vitamin D is carried out through a series of hydroxylation reactions in the liver and kidneys catalyzed by members of the cytochrome p450 family. 2 CYP2R1 is the primary enzyme responsible for the metabolism of vitamin D to 25-hydroxyvitamin D (25(OH)D), 3 which is further metabolized to 1,25-dihydroxyvitamin D (1,25(OH) 2 D) via the action of CYP27B1. The primary bioactive metabolite 1,25(OH) 2 D exerts its effect through association with the vitamin D receptor (VDR), which is found on a variety of cell types, including cells in the immune system. 4 It is plausible that genes that are involved in vitamin D metabolism, transport or activity may be related to the risk of MS or may modify the association between environmental or dietary exposure to MS. Polymorphisms in the VDR have been the most studied in relation to MS, but findings have been inconsistent. Some have reported a significant association between individual single nucleotide polymorphisms (SNPs) (ApaI, TaqI, FokI and BsmI) and the risk of MS, [5] [6] [7] while others found no significant association. [8] [9] [10] [11] The vitamin D binding protein (DBP) which is involved in the transport and binding of vitamin D metabolites has been investigated in two MS studies, neither finding any association with MS. 7, 8 There is one study of interaction between potential genetic determinants of vitamin D metabolism and vitamin D intake or environmental exposure as it relates to MS. Dickinson et al. 12 recently observed an interaction between the VDR Cdx-1 polymorphism and sun exposure at ages 6-10. They found there was an increased MS risk associated with the 'G' allele among those with low sun exposure at ages 6-10, but not in those with high exposure during that time period.
Additionally, possible modification by the human leukocyte antigen HLA DRB1*1501 risk haplotype has not been adequately explored. The study mentioned above found no significant interaction between VDR polymorphisms and the HLA-DR15 genotype, but no other studies have investigated this gene-gene interaction. Notably, recent experimental work has shown that the HLA-DRB1*1501 risk haplotype contains a highly conserved vitamin D responsive element, whereas considerable variability exists in this region of the non-risk DRB1 haplotypes. This difference was found to have a functional impact with increased DR15 expression in cells expressing DRB1*1501 upon administration of 1,25(OH) 2 D that was not observed in other DRB1 haplotype bearing cells. 13 We therefore conducted a nested case-control study within the Nurses' Health Study (NHS) and Nurses' Health Study II (NHS II) to investigate the relationship between SNPs related to vitamin D metabolism and the risk of MS, as well as gene-environment and gene-gene interactions in the vitamin D pathway as they relate to the risk of MS.
Methods

Study population
Participants in this study were women who provided blood from amongst those enrolled in the NHS and NHS II. The NHS began in 1976 when 121,700 nurses aged 30 to 55 returned mailed questionnaires regarding lifestyle factors and disease history. The NHS II began in 1989 when 116,671 women aged 25 to 42 returned similar questionnaires. Biennial questionnaires are mailed to update information on risk factors and disease occurrence.
All participants were invited to provide blood samples for investigations of biomarkers and disease outcomes. Blood was collected from women between 1989 and 1990 in NHS (32, 826 women) and from 1996 to 1999 in NHS II (29, 613 women).
Case ascertainment
The ascertainment of MS cases in these cohorts has been described previously. 14 Briefly, participants who reported a new diagnosis of MS were asked permission to contact their neurologists and to review their medical records. After obtaining permission, neurologists were sent a questionnaire to determine the certainty of the diagnosis (definite, probable, possible, or not MS), the date of onset of neurological symptoms related to MS, other aspects of the clinical history, and laboratory test results. Since 93% of all definite and probable diagnoses conformed to the Poser criteria for the diagnosis of MS when applied to the clinical and laboratory data provided in the questionnaire, we classified as cases women who had a diagnosis of definite or probable MS according to their neurologists.
A total of 217 incident cases of MS were documented (149 with blood and 68 with buccal cell), of which 214 cases and matched controls had relevant data for analysis. For each case, two women without MS were randomly selected, matched by year of birth and study cohort. Over 90% of the women included in the study reported having a white ancestry.
Laboratory analysis
SNPs in VDR, CYP27B1, CYP24A1, CYP2R1 and DBP were chosen based on information from previous literature and a minor allele frequency greater than 10%. The following SNPs were identified for inclusion: VDR-rs1544410(BsmI), rs7975232(ApaI), rs731236(TaqI), rs10735810(FokI), rs11568820(Cdx-2); CYP27B1-rs703426, and rs10877012; CYP24A1-rs2296241; CYP2R1-rs10500804, rs12794714; DBP-rs7041, and rs4588. Genotyping was performed on genomic DNA extracted from a buffy coat with QIAmp (Qiagen Inc., Chatsworth, CA) using the TaqMan assay on the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA). The concordance of blinded quality control samples was 100%.
A single SNP, rs3135005, was used to assess HLA-DR15 as previously described. 15 
Covariate assessment
Total dietary vitamin D intake was assessed via validated food frequency questionnaires as previously described. 16 Ethnicity and residence at birth, at ages 15 and 30 were asked on the biennial questionnaires as part of the general cohort follow-up. From state of residence, latitude (North, Middle, South) was determined as previously described. 14 Measurements of anti-EBNA antibodies were used in a prior study in these cohorts as previously described. 17 
Statistical analysis
The assumption of Hardy-Weinberg equilibrium (HWE) was tested for all SNPs using a 2 test comparing observed to expected genotype frequencies.
Given our sample size, we estimate that we have greater than 80% power to detect an odds ratio of 1.8 for a minor allele frequency of 0.17 (the lowest reported minor allele frequency in this study).
Conditional logistic regression models were used to calculate relative risks (RRs) and 95% confidence intervals (CIs) assessing the relationship between individual SNPs and the risk of MS. To test for the effects of genotype, likelihood ratio tests were used, comparing a model including genotype (coded as 0, 1, or 2 according to the number of minor alleles) to the same model without genotypes.
To investigate possible interactions, interaction terms were created which were the cross product of a number of minor alleles of the SNP and vitamin D intake (continuous), latitude (categorized) or HLA-DR15 (additive for number of minor alleles). Further, for those SNPs which suggested significant heterogeneity (p for interaction less than 0.05), estimates of the association between vitamin D intake, latitude and HLA-DR15 genotype, and the risk of MS were generated within the strata of the relevant genotype.
Results
Tests of HWE did not suggest significant deviations for any of the genotyped SNPs. Among controls, the wild type genotype of the two DBP SNPs (rs7041-GG and rs4588-AA) was more common in women reporting Scandinavian or other white ancestry compared to those reporting Southern European or non-white ancestry. Otherwise, no significant associations were observed for association between anti-EBNA Ab titers, ethnicity or latitude of residence and any vitamin D related SNP (data not shown). Similarly, no associations were observed between any of the individual SNPs and the risk of MS (Table 1 ). Further adjustment for the HLA-DR15 resulted in similar effect estimates and pair-wise tests of the interaction between individual vitamin D SNPs and HLA-DR15 were non-significant.
We did, however, observe a significant interaction between vitamin D intake and the VDR FokI polymorphism (p for interaction = 0.04; Table 2 ). Stratifying by genotype showed that, among women with the common 'FF' genotype, no association between vitamin D intake and the risk of MS was observed. In contrast, among those with the variant 'ff ' genotype, there was a significant 80% reduced risk of MS for an increase of 400 IU/day of vitamin D. This relationship appeared to be dose dependent and the risk in women carrying the 'Ff '' genotype was intermediate. Although not significant (p = 0.19), a similar trend for an interaction between the latitude of residence at age 15 and VDR FokI genotype was observed with a stronger protective effect of living further South seen among women with the 'ff ' genotype ( Table 2 ).
Discussion
These findings do not support a role for an independent effect of the vitamin D related gene polymorphisms investigated and the risk of MS. This is consistent with some investigations showing no association, [8] [9] [10] [11] but not others in which one of the SNPs of VDR was significantly associated with risk of MS [5] [6] [7] The finding of no association with the two SNPs in DBP is also consistent with the two previous studies of this gene and the risk of MS. 7.8 We did, however, observe a significant interaction between vitamin D intake and the VDR FokI polymorphism as it relates to the risk of MS, but not the previously reported interaction with Cdx-2. 12 The interaction effect is similar, although the SNPs are not in linkage disequilibrium (LD) with one another, in that the effect of the polymorphism in both cases appears to be restricted to those with low vitamin D exposure (as measured by intake in this study or by past sun exposure in the Dickinson et al. paper). This interaction has been explored in other diseases, but findings are not consistent. For example, a genetic effect only in those with low vitamin D exposure is consistent with four studies of prostate cancer risk in which VDR polymorphisms were associated with disease risk only among those with the low serum 25(OH)D. [18] [19] [20] [21] However, two other studies of prostate cancer risk found stronger associations among those with high sunlight exposure. 22, 23 Similarly, the relationship between VDR FokI and vitamin D intake is in contrast to other diseases, such as type 1 diabetes in which a significant interaction was found, but in the opposite direction, with increased protection of UVR among women with the 'F' allele. 24 In this study, the protective association of dietary or environmental vitamin D appeared stronger among women with the 'f ' allele.
The VDR FokI polymorphism is a C/T polymorphism in the translation initiation codon of VDR. The variant T (or 'f ') results in the presence of a FokI restriction enzyme site and translation of a three-amino acid longer VDR protein than the C (or 'F') allele. The wild type, shorter VDR, is associated with increased transcriptional activity. 25 Our findings, therefore, suggest that there may be some threshold level of transcriptional activity necessary to maintain downstream cellular signaling pathways in such a way as to prevent changes that are related to the development of MS.
Specifically, increased exposure to vitamin D may rescue any decreased target cell activity, due to decreased transcription, that may result in altered immunologic profiles or activity that contribute to the risk of MS. In contrast, among women with increased target cell activity, minimal amounts of environmental or dietary exposure to vitamin D may be sufficient to surpass this threshold and maintain a healthy immunologic environment.
There are limitations to the present investigation. First, in relation to the findings of the main effects of an individual's SNPs and the risk of MS, this was not an exhaustive examination of variants in these genes and the selected SNPs did not provide full tagging coverage as assessed by the HapMap data. 26 Therefore, we cannot exclude the possibility that other gene regions may be important. Second, because of the small sample size, we were underpowered to detect modest effect sizes; therefore, these findings only provide evidence against the strong effects of these genes. Lastly, we identified the two CYP2R1 SNPs using information from previous literature and minor allele frequencies. It seems unlikely that the two SNPs chosen are variants that result in functional changes as one is located in an intronic region and the other a synonymous coding exon polymorphism. Therefore, if there is a true effect, it is likely due to a polymorphism in LD with the two chosen here.
The finding of a significant interaction could be due to chance and requires replication in larger datasets. The consistency of this finding considering vitamin D intake and the latitude of residence supports that this is not due to chance as it is unlikely these two factors are correlated and therefore, supports the notion that vitamin D from exogenous sources provides varying levels of protection against MS dependent on an individual's genetic variation. Notably, there are few populations with biological samples for genetic analysis and prospectively collected data, which are necessary to test many gene-environment hypotheses, such as those related to diet, in an unbiased manner. It is clear that MS is a multifactorial disease and this finding supports the notion that risk factors may only be relevant in a proportion of the population with underlying genetic susceptibility. Further investigations are necessary to replicate this finding and explore biological underpinnings of the plausibility of a gene-environment interaction as it relates to vitamin D and the risk of MS.
